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Effect of vasopressin on sodium transport in renal cortical col-
lecting tubules. Electrical potential difference (PD) and sodium
(Na) flux were measured in isolated perfused renal cortical col-
lecting tubules of rabbits. Vasopressin caused a transient in-
crease in PD and net Na flux (lumen to bath), withuut any
change in the back flux of Na (bath to lumen). We conclude
that active Na transport is augmented by vasopressin in the
collecting tubule, similar to the effect previously observed in
anuran membranes.
Effet de Ia vasopressinc sur le transport du sodium dans les
tubes collecteurs rénaux corticaux. La difference de potentiel
électrique (PD) et les flux de sodium (Na) ont étE mesurés
dans les tubes collecteurs corticaux isolés et perfusés de rein
de lapins. La vasopressine provoque une augmentation transitoire
de PD et du flux net de sodium (lumiére vers ham) sans modifica-
tion du flux bain vers lumiére. 11 en est déduit que la vasopressine
augmente le transport actif de Na dans Ic tube collecteur,
comme cela a été observe pnur les membranes des Anoures.
Antidiuretic hormones (ADH), including vaso-
pressin, cause both the transport of Na and the per-
meability to water to increase in certain anuran mem-
branes [1—3]. Although vasopressin has been shown to
increase the permeability to water of mammalian renal
distal tubule segments [4—7], its effect on Na transport
in kidney tubules is uncertain. In acute clearance
studies in mammals vasopressin increases Na excretion
[8, 9, and others listed in 10], implying a decrease in
tubular Na reabsorption. On the other hand, the
opposite effect has been noted in the frog [Ii]. In
chronic studies vasopressin caused no change in
Na excretion in man when over-hydration was pre-
vented [12], yet a direct effect of vasopressin to increase
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Na excretion independent of water balance was deduced
from chronic studies in the dog [10]. On the basis of
micropuncture studies, Ullrich et a! [13] concluded
that vasopressin has no effect on active Na transport
in rat papillary collecting ducts, but that it causes Na
permeability (and back flux) to increase. Different
conclusions were reached in studies of isolated perfused
rabbit cortical collecting tubules. In this preparation
vasopressin caused a transient increase in electrical
potential difference (PD) [14] without any change in
electrical resistance [15]. These results were interpreted
to indicate that net Na transport increased without any
change in Na permeability.
In view of the disparate results, it was important to
test directly the effect of vasopressin on Na transport
in the isolated cortical collecting tubules. Therefore, in
the present studies, the effect of vasopressin on Na
fluxes and PD was tested in this preparation. The
results support the previous conclusion, based on the
electrical studies, that vasopressin causes Na transport
to increase in cortical collecting tubules, analogous to
the increase previously observed in the anuran mem-
branes.
Methods
The methods employed in these studies have been
previously described in detail [6, 14—16] and are
summarized below with additions and modifications.
Female rabbits weighing 1.2 to 2.0 kg were fed
standard laboratory chow (NIH feed A, 360 mEq kg'
of K and 125 mFq kg—' of Na), or otherwise identical
feed containing less Na (Ziegler Brothers Inc., Garde-
ner, Pa.: 380 mEq kg1 of K and 25 mEq kg1 of Na).
in Fig. I.
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contained either in the tip of the collecting pipette [15]
or within a separate concentric pipette exterior to the
collecting pipette. Perfusion rates of 7 to 10 ni mm—1
were achieved with a Sage syring pump. Collected
fluid was removed periodically from beneath water-
saturated mineral oil in the collecting pipette into a
calibrated glass capillary.
The solution used for the dissection and in the bath
contained 125 mi NaCI, 5 mvt KCI, 25 mM NaHCO3,
1.0mM CaCI2, 1.2 mvi MgSO4, 1.2 mt NaH2PO4,
5.5 mt glucose and 5% v/v calf serum (Microbiolog-
ical Associates, Bethesda, Maryland). It was gassed
continuously by bubbling with 95% 02 pIus 5 % CO2.
All experiments were at room temperature (22to 250 C).
The perfusion solution contained 150 mvi NaCI, 2.5mM
K2HPO4, 1.0mM CaCI2, and 1.2mM MgSO4 (pH
adjusted to 7.4 with HCI).
In order to measure electrical potential difference
(PD) an Ag-AgCI electrode was placed in the rear of
300 400 the perfusion pipette which acted as a salt bridge into
the tubule lumen. A second Ag-AgC1 wire was placed
in identical solution within a bridge connected to the
bath. The electrical potential across the tubule was
read using a preamplifier (Transidyne Corp., Model
MPA-5 or MPA-6) and oscilloscope (Tektronix Inc.,
Portland, Oregon, Model 564 B). The PD measured in
this manner through the perfusion pipette is identical
to that at the other end of the tubule [17].
The Na transport rate is relatively slow in cortical
collecting tubules under these conditions and results in
changes in the volume and composition of the perfusion
fluid which are too small to measure accurately at the
perfusion rates of 7 to 10 nI min used in these
studies [171. Therefore, the unidirectional Na fluxes
were measured separately, using radioisotopes. For Na
flux from lumen to bath (iNa. 3) 22Na or 24Na (ICN,
Waltham, Mass., 50 pCi ml) was perfused in the
lumen and the bathing solution was removed every
15 mm for counting. In order to measure quantitatively
the total radioactivity accumulated in the bath (Nat)
the chamber which contained 1.2 ml of fluid was
drained then rinsed with 4 ml during each collection
and a volume of four ml was counted. Then,
Na0 Na
Na. 1b At
where (Na//Na0) is the specific activity of the Na in
the perfusate, A is the luminal surface area of the
tubule (from the measured length, assuming an arbi-
trary diameter of 20 p), and t is the duration of the
experimental period. Na was always less than 2% of
0 100 200
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Fig. 1. Effect of dietary Na and K on PD across cortical collecting
tubules. Despite identical treatment of the tubules after the
rabbits were killed the PD was higher in the high K, low Na diet
group. By comparison under these conditions the mean PD
after two to three hours of perfusion of tubules from rabbits
on standard lab chow with no K supplement is usually approxi-
mately —25 my [141. The low K, high Na diet contained
5 mEq kg1 of K and 217 mEq kg1 of Na and was supple-
mented with 25 mEq liter' of Na in the drinking water. Mean
Na:K ratio in the bladder urine at the time the rabbits were
killed was: high K, low Na diet, 0.09; low K, high Na diet, 8.8.
In addition they were given 75 mEq liter of KCI in
their drinking water. On this regimen the electrical
potential difference across the perfused collecting
tubules was higher than usually observed previously
[14, 15]. The marked effect of diet on PD is illustrated
The rabbits were killed by decapitation. A slice was
removed from one kidney and placed in the physiolo-
gical saline solution. Collecting tubules 1.0 to 3.6 mm
long were dissected free and transferred to a special
chamber on a microscope stage where they were
observed at 50 to 400 x magnification during per-
fusion.
The tubule was attached and perfused using con-
centric glass micropipettes. A pipette arrangement was
used which seals the lumen of the tubule from the bath
by means of the perfusion pipette within the lumen at
one end and by means of Sylgard 184 exterior to the
tubule at the other end [IS]. The Sylgard 184 was
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the amount of Na radioisotope perfused, which does
not lead to an important change in the specific activity
of the perfused fluid.
For measuring the Na flux from bath to lumen
(JNa,bI) 22Na (50 Ci mi—1) was placed in the bath and
the radioactivity collected from the lumen was meas-
ured (Nat). Since the amount of radioisotope returning
to the bath from the lumen is negligibly small (less than
2 %, vide supra),
Na,Na
Na,b1 Na At
where Nat/Nab is the specific activity of 22Na in the
bath. JNa, lb was also measured in these same tubules,
prior to the measurement of JNa,bl (Fig. 2). For this
purpose 24Na was included in the perfusate (while the
large amounts of radioactive Na necessary to measure
Na,bl are in the bath it is impractical to detect the
relatively small amounts of radioactive Na originating
in the lumen; therefore both fluxes were not measured
simultaneously). For 15 to 30 mm after adding 22Na
to the bath, JNa bl was lower than in subsequent periods
(Fig. 3). We attribute this delay to mixing with tissue
Na and the dead spaces in the collecting system. The
first periods after addition of 22Na to the bath were
therefore excluded from the calculation of Na,bI in
Table 1. Net Na flux (JNa) was calculated as JNa,1b
bI
In all experiments '251-albumin (Squibb, New Bruns-
wick, N.J.) 50 jiCi mi—1 was added to the perfusate in
order to test for leaks into the bath. The initial baths
—80 were counted during the course of the experiment, and
tubules with leaks of more than 0.025 ni min' were
—70 discarded. No systematic change in the concentration
of 125J was found in the collected fluid, indicating that
—60 net fluid absorption was too small to measure under
these conditions.
50 Electrical PD and Na flux were variable during the
first two to three hours of perfusion, as was previously
—40
noted for water flux (6) and PD [14]. Therefore, control
—30 collections were begun after this time. After one hour
of control measurements, vasopressin (Pitressin, Parke-
—20 Davis, 250 jiU m1') was added to the bath for a
period of 60 mm (Fig. 2) (in some experiments only
—10 the preservative present in vasopressin, chiorobutanol,
3.4 x 10- M, was added as an additional control).
Radioactivity was measured with a Packard Auto-
gamma well scintillation counter. 24Na was discrimi-
nated by appropriate window settings and isotope
decay. 22Na and 125J were counted 14 days later at
which time the 24Na had decayed to negligible levels.
Sodium concentrations in bath and perfusion fluid
were measured with an IL flame photometer.
Results are given as mean SEM (number of tubules).
Results
Sodium flux. Sodium flux from lumen to bath (JNa, Ib)
reached a steady level after approximately two to three
hours of perfusion. The mean control value of Na lb
was essentially the same in the three sets of experiments
in which it was measured: 511±sEM 116 (N=5) pEq
cm2 sec (Table 1), 488 77 (N=7) (Table 2 and
Fig. 6), and 472±sEM 27 (N=4) (Fig. 4).
Sodium flux from bath to lumen (Na,b1) was meas-
ured in five tubules, following the determination of
Na, Ib The mean control value of JNa,bl was 87±sEM 14
(N= 5) pEq cm—2 sec (Table 1 and 2; Fig. 3) and the
mean flux ratio for sodium was 0.19 (Table 1). The
latter result contrasts with that in isolated proximal
tubules where the corresponding flux ratio is 0.83 [181.
The relatively low back flux of Na in the cortical
collecting tubule explains why this nephron segment
can maintain a much higher Na concentration gradient
[17] than does the proximal tubule [181 and is consistent
with the relatively high electrical resistance previously
measured in the collecting tubules [15]. In the cortical
collecting tubule the Na permeability from bath to
lumen (JNa bl/[Na]b) calculated from the unidirectional
flux is 6 x 10 cm sec'.
Effect of vasopressin on isolated
cortical collecting tubule
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Fig. 2. Time course of a representative experiment.
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PD
m V
pEq
Na flux
cm2 sec
lumen
to
bath
bath
to
lumen
net / bath to lumen
I lumen to bath
—50 407 48 359 0.12
—50 238 62 176 0.26
—40 579 127 452 0.22
—20 408 95 313 0.23
—43 922 103 819 0.11
Mean —41 511 87 424 0.19
116 14
Effect of vasopressin. It was previously reported that
vasopressin causes a transient increase in PD (lumen
negative) across isolated cortical collecting tubules [14].
This was confirmed in the present studies (Figs. 2
and 5). The mean PD remained elevated for approxi-
mately 30 mm after vasopressin, then fell to below the
control value, despite continued presence of the hor-
mone.
Fig. 4. Lack of effect of chiorobutanol (in the concentration pre-
sent in 250 p U m1' of Fitressin) on Na flux of cortical collecting
tubules. Mean control Na flux (lumen to bath) was 472 SEM 27
(N=4) pEq cm2 sec* Zero change for each tubule is its
own mean control value.
Table 2. Effect of vasopressin on Na fluxes across
isolated cortical collecting tubules
Observation Na flux
pEq cm2 sec1
lumen bath net
to bath to lumen
Control 488±77 87±14 401
Vasopressin 587 72 91 11 496
Number of tubules 7 5
pa <0.05 >0.5
a Statistical significance of the difference pairing the results
before and after vasopressin in the same tubules, using the
"Student" t-test (the mean increase in the lumen to bath
Na flux was 99 37 SEM pEq cm2 sec in the paired ex-
periments).
100- 200
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aFig. 3.Lack of effect of vasopressin on Na back flux (from bath
to lumen) of cortical collecting tubules. Mean control Na flux U
(bath to lumen) was 87 SCM 14 (N= 5) pEq cm2 sec'. Zero
change for each tubule is its own mean control value.
Table 1. ControlNa fluxes across isolated cortical
collecting tubules Minutes
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Fig. 5. The effect of vasopressin on Na flux and PD of cortical
collecting tubules (combined mean results from the experiments
illustrated in Figs. 3 and 6). Immediately following addition of
vasopressin Na flux from lumen to bath and PD increased
simultaneously without any change in Na back flux (from bath
to lumen).
No change in JNa,ib occurred when the diluent in
pitressin (chiorobutanol, 3.5 x lO M) alone was added
(Fig. 4). Vasopressin (Pitressin), however, caused JNa lb
to increase in all tubules (Fig. 6). The mean increase
during the period of maximum Na flux (15 to 30 mm
after addition of vasopressin) was 99 pEq cm—2 sec—1
(Table 2). Tn contrast, addition of vasopressin did not
alter JNa hi (Fig. 3, Table 2). Thus, the change in JNalb
represents an increase in net Na flux. This increase in
Na transport is contemporaneous with the increase in
PD (Fig. 5) and presumably causes it. There was no
comparable decrease in Na flux from 30 to 60 mm
after vasopressin to explain the subsequent decrease in
PD (Fig. 5).
Discussion
The effect of vasopressin on transepithelial electro-
lyte transport has been studied most extensively in
anuran membranes. In frog skin and toad bladder
vasopressin causes the electrical PD to increase, accom-
panied by an increase in Na transport (usually meas-
ured as short circuit current) [2, 3]. There is some
Fig. 6. Effect of vasopressin on Na flux from lumen to bath in
cortical collecting tubules. Mean control Na flux (lumen to bath)
was 488 SEM 77 (N= 7) pEq cm2 sec. Zero change for each
tubule is its own mean control value.
disagreement, however, about the details of how vaso-
pressin causes Na transport to increase. The Na trans-
port system is generally considered to consists of two
major steps: 1) entry of Na into the epithelial cells
across the mucosal surface, a passive step down a Na
electrochemical gradient, and 2) active extrusion (pump)
of Na out of the cells across the serosal border. Most
investigators have concluded that vasopressin increases
the permeability to Na of the mucosal cell surface,
which increases the Na concentration within the cell
or a part of the cells (Na transport pool) and thus
makes more Na available to the active transport step
at the serosal border. The only direct action of vaso-
pressin in this view is to increase Na conductance
through the first step in the Na transport pathway. The
alternative view is that in addition to this effect vaso-
pressin also directly increases active Na transport in
the second step. Evidence supporting an increase in
mucosal permeability is: 1) vasopressin causes a de-
crease in the electrical resistance across toad bladder
[19] and specifically across the mucosal cell membrane
[20]; 2) vasopressin causes an increase in the Na trans-
port pool measured with radioisotopes [21, 22]. The
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validity of these Na transport pool measurements,
however, has been challenged [23, 24]. 3) In isolated
toad bladder cells some [25, 26], but not all [27]
investigators find that vasopressin increases the intra-
cellular Na content. An increase in Na content under
these conditions is consistent with an increase in
permeability to Na rather than an increase in active
Na transport. On the contrary, evidence supporting an
additional direct action of ADH on active Na transport
comes from 1) measurements of the Na transport pool
in toad bladder using a modified radioisotope method
[28], and 2) measurements of cell NaC1 and water
content in frog bladders filled with oil [29]. In the
latter system, since the mucosal surface was covered
with oil, the affects of possible permeability changes at
this membrane were considered to be eliminated and
the resulting decrease in cellular Na content was
attributed to a direct effect of ADH on the serosal Na
pump.
If permeability to Na at the mucosal border is
increased by ADH, a concomitant increase in the Na
flux from serosa to mucosa (back flux) might be ex-
pected, accompanying the decrease in electrical resist-
ance. Although Ussing and Zerahn originally observed
that the back flux of Na increased in two experiments
with frog skins [30], this was not confirmed in later
experiments with frog skin [31] or toad bladder [32].
Civan [33] has rationalized this apparent discrepancy
between the effect of vasopressin on the electrical
conductance (increase) and Na back flux (no change)
as due to rectification of Na flux through the Na pump.
He considers that back flux of Na is not by the Na
transport pathway, but by parallel pathways unaffected
by vasopressin. Similarly, the possible presence of
parallel pathways for electrical current and/or Na flux
complicates the interpretation of various other electri-
cal investigations of this problem in anuran membranes
[19, 34].
The results of studies of the effect of vasopressin on
Na transport in kidney tubules are also conflicting.
Ulirich et al [13] tested the effect of vasopressin on
papillary collecting ducts of rats by micropuncture.
They perfused the peritubular capillaries with isotonic
saline solution to which they added vasopressin. They
measured Na transport with the split oil drop technique,
using two protocols: 1) the drop contained a solution
similar to the capillary perfusate. The rate of fluid
absorption (isotonic Na reabsorption) was measured.
This was unaffected by ADH. 2) The drop contained
raffinose replacing some of the NaC1. The Na "equilib-
rium" concentration difference was measured. This
was decreased by ADH. Ullrich et al. concluded that
ADH increases tubular permeability to Na, probably
by increasing the leak between cells, but does not effect
the active Na transport per Se. The results of the present
studies are directly the opposite. Active Na transport
increased transiently after vasopressin without any
change in Na back flux or permeability. The reason for
the difference in results is unclear. The time after vaso-
pressin administration was the same. The species was
different, however, as was the experimental technique.
Also, the rat papillary collecting duct which Ullrich
et al. studied is different from the cortical collecting
tubule in another respect, namely that vasopressin
causes urea permeability to increase in the former [7]
but not in the latter [6, 35]. Therefore, it is possible
that ADH in fact has different effects on these two
segments with regard to Na as well as urea trans-
port.
We are cautious in extrapolating from the present
studies to the mode of action of vasopressin on Na
transport in general or on Na transport in the kidney,
specifically. Since neither the electrical conductance
[15] nor the Na back flux increased following vaso-
pressin in the cortical collecting tubule, there is no
support for the view that vasopressin increased the per-
meability to Na of the luminal cell membrane.
As was discussed previously with reference to the
electrical conductance, however, the theoretical possi-
bility of parallel or series barriers which might obscure
an effect at the luminal membrane, prevents us from
drawing any firm conclusion from these results [15].
Similarly, the fact that Na transport was only tran-
siently increased by vasopressin makes it difficult to
predict what effect might be expected in vivo in a steady
state.
The transient nature of the increase in Na transport
and PD following vasopressin is puzzling. The increase
in water permeability caused by vasopressin was much
longer lasting (e.g., Fig. 1 in ref. [36]) with even a
lower concentration of vasopressin (2.5 tU ml—') than
the supramaximal concentration (250 RU ml') used in
the present experiment. A somewhat similar pheno-
menon is encountered in the toad bladder where the
increase in short circuit current following vasopressin
soon decreases towards the control value despite the
continued presence of ADH [28, 37].
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